This study investigated the effects of climate oscillations on the evolution of two closely related Allium species, A. neriniflorum and A. tubiflorum. We sequenced three cp DNA (cpDNA) fragments (rps16, rpl32-trnL, and trnD-trnT, together approximately 2,500 bp in length) of two closely related Allium species, with samples from 367 individuals in 47 populations distributed across the total range of these species. The interspecific and intraspecific divergence times of the two species were in the Quaternary glaciation. The population divergence was high for the cpDNA variation, suggesting a significant phylogeographic structure (N ST = 0.844, G ST = 0.798, p < 0.05). Remarkable ecological differentiation was also revealed by Niche models and statistical analyses. Our results suggest the speciation event of the two species was triggered by violent climatic changes during the Quaternary glaciation.
| INTRODUC TI ON
Climatic oscillations and related changes in vegetation can be recognized in the period from 3.6 to 0.8 Ma (Naidina & Richards, 2016) .
Multiple studies have showed that the climate oscillations especially in the glaciation cycles of the Quaternary may have facilitated speciation, diversification, hybridization, and changes in the distribution of the global vegetation (Liu et al., 2018; Shahzad, Jia, Chen, Zeb, & Li, 2017; Yamamoto, Ohtani, Kurata, & Setoguchi, 2017) .
Although East Asia was profoundly affected by global climatic oscillations, even in the Quaternary ice ages, no massive ice sheet development occurred in this region (Hewitt, 2000) . Therefore, East Asia was the most important refuge for many species during these climate fluctuations (Qiu, Fu, & Comes, 2011) . Fossil-based biome reconstructions of East Asian species predict that, during the last glacial maximum (LGM), the temperate forests that currently dominate East Asia retreated southward to 25°N to 30°N (Harrison, Yu, Takahara, & Prentice, 2001 ). Nevertheless, recent phylogeographic studies have highlighted in situ survival of hardy alpine herbs and forest trees during glacial periods in northern China. Many refugia scenarios have been revealed for these species, such as single refugium (Liu & Harada, 2014) , multiple refugia (Tian et al., 2009) , refugia within refugia (Wang, Gao, Kang, Lowe, & Huang, 2009) , cryptic refugia, or microrefugia (Stewart, Lister, Barnes, & Dalen, 2010) .
Orographic influences have also had a crucial role in the interintraspecific divergence and population demography of speciation.
Recently, many phylogeographic studies have assumed a causal link between geological processes (orogenesis) and biological responses (diversification) (Chen et al., 2012; Jiang, Zhang, Zhang, & Sanderson, 2014; Wang & Yan, 2014; Wang, Zhang, & Yin, 2016) . The results According to flora of china, we went to collect samples of three species in Sect. Caloscordum in the field. However, during our field sampling, we just found A. neriniflorum and A. tubiflorum and did not find A. inutile. Previous studies investigating A. neriniflorum and A. tubiflorum have shown that the two species are sister groups and have a close relationship (Li & Xu, 1996; Lu, Yang, Lu, Zhou, & He, 2016) . The leaf micromorphology characters of A. neriniflorum and A. tubiflorum are different, which can serve as a classification basis (Lu et al., 2016) .
In this study, we sampled populations across the distribution range of A. neriniflorum and A. tubiflorum for phylogeographic analyses and used three sets of cpDNA fragment sequences to construct phylogeographic patterns for these two species. We aimed to answer the following three questions: (a) Are A. neriniflorum and A. tubiflorum significantly different from molecular levels? Is the genetic diversity of A. neriniflorum and A. tubiflorum analogous? (b) Where were the refugia of both species during the climatic oscillations? Did they survive in situ or retreat to somewhere below to 30°N during climatic oscillations? (c) How did the climatic oscillations or other geological factors effect on the population evolutionary history of these two species?
| MATERIAL S AND ME THODS

| Population sampling
According to flora of china, we went to collect samples of three species in Sect. Caloscordum in the field. However, during our field sampling, we did not find A. inutile in Anhui, China. As for A. neriniflorum and A. tubiflorum, we found that their morphological characters are very similar. According to our statistical analysis, the main difference in the shape of these two species based on quantitative characters is that the plant height and pedicel length, A. neriniflorum are usually taller in plant height and longer in pedicel length than A. tubiflorum (see Figure 1 ). We also found that the ecological conditions of A. neriniflorum and A. tubiflorum differ. A. neriniflorum is easily found in damp places and meadows of low altitude. In contrast, A. tubiflorum mainly grows in the (Table 1) were also collected for all sampled populations. The specimens were deposited in the archives of the Herbarium of Sichuan University (SZ).
| DNA extraction, amplification and sequencing
The total genomic DNA was extracted from 100 to 150 mg dry leaves using a plant genomic DNA kit (Tiangen Biotech, Beijing, China).Three cpDNA fragments, rps16, rpl32-trnL and trnDtrnT, were sequenced using primers rps-F (5′-GTG GTA GAA AGC AACGTG CGA CTT-3′) and -rps-R2 (5′-TCG GGA TCGAAC ATC AAT TGC AAC-3′) (Endress, Queiroz, & Conti, 2006) , primers rpl32-F (5′-CAG TTC CAAAAA AACGTA CTT C-3′) and -trnL (5′-CTGCTT CCT AAG AGC AGCGT-3′) (Shaw, Lickey, Schilling, & Small, 2007) , and primers trnD GUC F (5′-ACC AAT TGA ACT ACA ATC CC-3′) and -trnT GUC (5′-CTA CCA CTG AGT TAA AAG GG-3′) (Shaw et al., 2005) , respectively. Polymerase chain reaction (PCR)
was carried out in a 30 μl volume including Mg 
| Data analysis
| DNA alignment
The cp rps16, rpl32-trnL and trnD-trnT were joined into one cpDNA dataset. Sequences were aligned using ClustalX ver. 1.81 (Thompson, Gibson, Plewniak, Jeanmougin, & Higgins, 1997) with subsequent manual adjustments as necessary.
| Network representation
The genealogical relationships among all the cpDNA haplotypes were examined via a median-joining (MJ) haplotype network, which was constructed using NETWORK ver. 5.0 (Bandelt, Forster, & Rohl, 1999) . In addition, to complement the results of NETWORK 5.0, we used TCS 1.21 (Clement, Posada, & Crandall, 2000) to construct haplotype relationships (Templeton, 1995) . Our analysis indicated that both site mutations and indels were equally likely to evolve and that each indel originated independently of other indels. 
| Genetic structure of populations and geographical structure analyses
The number of haplotypes, haplotype diversity (H d ) and nucleotide diversity (π), were estimated with DNASP version 6.0 (Rozas et al., 2017) . The average gene diversity within populations (H S ), total gene diversity (H T ), and two-population differentiation parameters (G ST and N ST ) at the species level were statistically compared using 1,000 permutations in the program Permut CpSSR 2.0 (Pons & Petit, 1996) . Analyses of molecular variance (AMOVA) was applied in the program Arlequin ver 3.5 (Excoffier & Lischer, 2010) to assess the genetic differentiation within and between populations, while testing for the significance of partitions with 1,000 random permutations. The gene flow N m among populations was obtained from the following formula: F ST = 1/(1 + 2N m ) (Wright, 1950) .
| Demographic history analyses
To detect whether the population groups (all populations, A. tubiflorum and A. neriniflorum) of A. tubiflorum and its congener A. neriniflorum experienced a recent population expansion, a mismatch distribution analysis was carried out using the DNASP program (Rozas et al., 2017) . A multimodal distribution of differences between the haplotypes in a given population suggests the population did not experience an expansion, whereas a unimodal distribution indicates the occurrence of an expansion. Additionally, Tajima's D (Tajima, 1989) and Fu & Li' s D* were calculated (Fu, 1997) with DNASP.
| Bayesian divergence time estimations
Due to the lack of relevant fossil data in Allium, it is challenging to reconstruct solid divergence time estimates for A. tubiflorum and its congener A. neriniflorum. However, Bayesian analyses were used to date the tree with BEAST version 2.5 (Bouckaert et al., 2014 ) with a log-normal relaxed clock based on the general substitution rates of the plastid sequence. For the cpDNA data set, because there are no available substitution rates for Allium, a mutation rate of 1.52 × 10 The evolution model was evaluated using jModelTest 2.2.7 (Darriba, Taboada, Doallo, & Posada, 2012 ) and TVM+I substitution model was selected using the Akaike information criterion (AIC).
10,000,000 generations of the Markov chain Monte Carlo chains were run, sampling from every 1,000 generations. The convergence of the stationary distribution was checked by the visual inspection of plotted posterior estimates using the software Tracer version 1.7 (Rambaut, Drummond, & Xie, 2018) and that the effective sample sizes were at least 200. After discarding the first 10% trees as burn-in, the samples were summarized in the maximum clade credibility tree using Tree Annotator version 2.5 (Bouckaert et al., 2014) with the posterior probability limit set to 0.5 and summarized common ancestor heights; and trees edited in FigTree 1.4.3 (Rambaut, 2016) . In our study, three related species, Allium prattii, Allium victorialis and Allium ovalifolium, were selected as the outgroup based on Li et al. (2010) .
| Ecological niche modeling
In addition to the sample sites from this study, 57 collection records In Maxent, due to the small sample size of our data (15-79 localities), only the linear + quadratic + hinge functional forms were used (Merow et al., 2013) . Here, models were built using linear + quadratic + hinge features, random training data were set to 25%, the create response curve and do jackknife options were selected, the logistic output format was logistic, and other parameters were set by default. The accuracy of the model performance was tested by the AUC of the receiver operating characteristic (ROC) (Fawcett, 2006 
| Test for niche overlap
To visualize the geographical niche zone, the overlap where hybrids between A. tubiflorum and A. neriniflorum may occur, we calculated the overlapping area based on the binarized layer using ArcGIS 10.2 (ESRI, Redlands, CA, USA). We used a binary threshold from DIVA-GIS of zero, which excluded the zero-suitable habitats, and the minimum training presence cumulative threshold was from Maxent (Zhao, Gugger, Xia, & Li, 2016) . 
| Environmental variation between Allium tubiflorum and Allium neriniflorum
| RE SULTS
| Haplotype distribution and phylogenetic analyses
The aligned rps16, rpl32-trnL and trnD-trnT sequences of Allium were 819, 888 and 777 bp in length, respectively. A 2,500-bp data set with 36 nucleotide substitutions and 11 indels was obtained when all the three fragments were combined (Supporting Information AMOVA analysis revealed that, in all the sampled populations, the variation attributed to differences between species was 76.22%, which is very significant, while that variation among and within population differences were 15.85% and 7.93%, respectively ( Table 2 ). The 
| Demography
To 
| Divergence time estimates
Haplotypes systemic tree was constituted by the Bayesian analysis 
| Ecological niche modeling
The AUC value for the current potential distribution of A. neriniflorum and A. tubiflorum both were relatively high (AUC > 0.9), demonstrating a reliable predictive model performance. Model exhibited distinctive ecological niches between A. neriniflorum and A. tubiflorum (Figure 6a-c) . PCA biplots displayed distinct habitats between A. neriniflorum and A. tubiflorum (Figure 6d ). The bootstrapping MANOVA estimates indicated that most climate variables contributed significantly to niche divergence, except for the mean temperature of the warmest quarter and the precipitation of the wettest month (Table 3) . Wilks' k indicated a significant climatic difference between the two species habitats (χ 2 = 115.885, p < 0.001) (Table 3 ).
| D ISCUSS I ON
| Genetic characteristics of populations of two species
Our cpDNA data support the validity of both species, A. neriniflorum and A. tubiflorum, although both species show close morphological similarities (Lu et al., 2016) . Therefore, cp DNA can be used as a marker to distinguish them in plant taxonomy.
We also found some differences that A. tubiflorum had higher 
| Multiple refugia
Phylogeographic studies on cool temperate deciduous species, such as Ostryopsis davidiana (Tian et al., 2009) , Mongolian oak (Zeng, Wang, Liao, Wang, & Zhang, 2015) , and Juglans mandshurica (Bai, Liao, & Zhang, 2010) Moreover, the network analysis shows that haplotypes H1 and H18 are ancestor haplotypes. If ancestral and derived haplotypes do not overlap and are located in different regions, then ancestral haplotypes should be found close to refugia, while derived haplotypes are more likely to occur at the leading edge of the range expansion (Hewitt, 2000) . In A. tubiflorum, haplotypes H17 and H15
are distributed in the northeastern and southwestern leading edges, respectively, whereas the ancestral haplotype H18 is restricted to the six populations (P10, P12, P20, p25, p28, p30) in the edge of the Taihang Mountains and Qinling Mountains (Figure 2 ), the possible range of the refugium for A. tubiflorum during the glaciation.
This coincides with the sanctuary of temperate walnut tree and temperate deciduous shrub species (Ostryopsis davidiana Decne., Betulaceae) (Tian, 2007) . For A. neriniflorum, our study found the ancestral haplotype H1 had a disjunctive distribution in the northernmost edge (population P14) and central region (population P49, P2) of the range (Figure 2) . Moreover, the disjunctive distance was nearly 500 km. The proposal is that, in the past, haplotype H1 was widely dispersed in the range of the examined populations and later was replaced by other haplotypes in the middle areas of the studied range owing to the continuous contraction and colonization during the Quaternary glacial and interglacial periods. Under this proposal, population P14 in Lamadianzi (HeiLongjiang), a very damp grass lake with relatively steady climatic conditions, may represent a cryptic northern refugia during the glacial period (Li, Shao, Lu, Zhang, & Qiu, 2012) . Additionally, the ENM analyses indicated that these regions were suitable distribution ranges for the two species, which also supported the possibility of these refugia.
| Evolution of two species
To investigate what paleoclimatic events triggered the divergence of Our ENM analysis suggests that A. neriniflorum and A. tubiflorum each occupy a distinct climate niche ( Figure 6 ). Niche differentiation can provide the preconditions for the adaptive divergence of fragmented populations and subsequent speciation (Abbott & Brennan, 2014; Hewitt, 1996; Zhao et al., 2016 was an obvious alternation between glacial-interglacial cycles (Crippa et al., 2016; Tian, Wei, Cai, Wang, & Li, 2018) . In glacial epoch, the ancestral populations began to contract and were limited in some frag- et al., 2011) . Therefore, it is most likely that the divergence of the main lineages of A. tubiflorum and A. neriniflorum can be attributed to the climate oscillation of the largest glaciation in the Quaternary (Zhang, Fengquan, & Jianmin, 2000; Zheng, Xu, & Shen, 2002) . In a word, the evolution of A. neriniflorum and A. tubiflorum mainly resulted from the violent climate changes that occurred in the Quaternary glaciation.
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